Summary. The insulin sensitivity of the peripheral tissues in ob/ob mice treated with oxytetracycline was assessed both in vivo and in vitro by measuring the effect of insulin on the incorporation of glucose into glycogen in diaphragm muscle and on the incorporation of glucose and 3H20 into lipids in epididymal adipose tissue. The results indicated that OTC treatment improved the insulin sensitivity of muscle but not that of adipose tissue. The results presented also indicated that oxytetracycline treatment led to a decrease in the basal incorporation of lipids into the liver in vivo and the adipose tissue in vivo and in vitro. The results are discussed in view of the relative importance of liver and adipose tissue in the lipid metabolism of ob/ob and lean mice and in view of results obtained by other workers on the effects of B-cell cytotoxic agents.
It is well established that the obese-hyperglycemic syndrome (ob/ob) in mice is characterized by a high degree of insulin resistance [1, 2, 3] . The in vivo studies carried out by Stauffacher and Renold [4] indicated that the muscle is more resistant to insulin than the adipose tissue, which may explain the simultaneous occurrence of hyperglycemia, hyperinsulinaemia and obesity. We have found in previous studies [5] that the antibiotic oxytetracycline (OTC) afforded some improvement in the insulin response of the ob/ob mouse, indicated by normalized plasma glucose and insulin levels, normalized glucose and insulin tolerance tests and partial restoration of the ability of liver membranes to bind insulin.
The normalization of glucose tolerance by oxytetracycline would be consistent with improvement of the insulin responsiveness of the peripheral tissues, in particular the muscle [4, 5] . Experiments were therefore designed to test the response to insulin of the diaphragm and epididymal adipose tissue of oxytetracycline -treated mice and their respective controls and also to assess the differences observed in the relative degree of incorporation of labelled precursors in the lipids of liver and adipose tissue of obese and lean mice.
Materials and Methods

Animals
Male CsyB1/6J ob/ob mice and their lean controls were obtained from the Jackson Laboratories, Bar Harbor, Maine, U.S.A. The mice were 9-11 weeks of age at the beginning of the experiments. They were maintained on Purina chow and water ad libitum except as otherwise stated.
Treatment
The oxytetracycline treatments and the food restriction schedule were described in detail previously [5] .
Incorporation of Labelled Compounds in Vivo and in Vitro a. Measurements of the Incorporation of Tritiated Water into Lipids in Vivo.
The following method for studying the accumulation of newly synthesized lipids in the tissues is based on the work of Fain and Scow [6] . The theoretical aspects of the method (isotope effect, exchange reactions and the metabolic pathways which lead to incorporation) have been discussed in detail by Jungas [7] . Each animal was injected in a tail vein with 0.2 ml of a solution containing about 1 mCi of tritiated water per ml. The solution was made isotonic by the addition of NaC1 and its pH was adjusted to 7.4 with 1 N NaOH. In some of the experiments, half of the mice each received 6 mU of crystalline porcine insulin (a gift of Eli Lilly & Co.) in the injection fluid. The mice were sacrificed by decapitation at the stated times. The blood was collected and the liver and epididymal fat pads were quickly removed, immediately frozen on solid CO 2 and placed in weighed vials. The tissues were kept at -20~ until the lipid extractions were done. A barium-zinc filtrate of the blood was prepared (1 : 20 final dilution) and a 1 ml portion was frozen until the samples could be counted. Unless otherwise specified in the text, the animals were killed 120 minutes after the injection.
b. Incorporation of [14C-U]-Glucose into the
Glycogen of Diaphragm and into the Lipids of Liver and Adipose Tissue and in Vitro.
The animals were injected intravenously with 2 ~t-Ci of [14C-U] -glucose in 0.2 ml of 0.9% NaCI adjusted to pH 7.4 with 1 N NaOH. Half of the animals were also given 6 mU each of crystalline porcine insulin. After 120 min, the animals were sacrificed by decapitation and the diaphragm, liver and epididymal adipose tissue were removed. The removal of the tissues was done within 60 seconds of sacrifice. The tissues were quickly frozen on solid CO 2 and kept as described above. This procedure is similar to that employed by Stauffacher and Renold [4] .
c. Incorporation of[14C-U] -Glucose into Glycogen, of Diaphragm in Vitro.
The incorporation of glucose into glycogen of diaphragm was measured as follows: The intact diaphragms were removed from the animals and placed into ice cold Krebs-Ringer Phosphate buffer (118 mM NaC1; 1.2 mM MgSO4; 5 mM KC1 and 100 mM sodium phosphate buffer at pH 7.4). The muscle was dissected from the rib cage and divided into approximately equal parts weighing 45-60 mg. The tissues were weighed to the nearest mg on a torsion balance and they were incubated in a medium containing 3 ml of the Krebs-Ringer phosphate medium containing 1 mM CaC12 and 2 % bovine serum albumin. The medium also contained 10 mM [14C-U] -glucose at a specific activity of 0.01 mCi per mMole. Half of the incubation vessels contained also 2.5 • 104 M insulin (6.25 • 10 .5 units/ml of incubation medium), so that one half of each diaphragm was incubated in the presence of insulin, while the other half was incubated in the absence of insulin. After 60 min of incubation, the tissues were removed from the incubation medium, placed into tubes containing 0.5 ml of 30% KOH and processed as described below.
d. The Production ofl4 CO2from [14 C]-Glucose by
Epididymal Fat Pads. The fat pads were removed from the mice and placed in Krebs-Ringer bicarbonate buffer kept at room temperature. In the case of the lean animals, the whole fat pad was used; in the case of the obese animals, pieces (150-200 mg) were cut from the thinnest portion of the fat pads. The tissues were incubated in the Krebs-Ringer bicarbonate medium which contained in addition 2% bovine serum albumin and 5.5 mM [14C-U]-glucose at a specific activity of 0.01 mCi/mMole. The insulin concentration, where applicable, was 2.5 • 10 -7 M (6.3 • 10 -6 unitsperml of incubation medium). The media were gassed with 95%/5% CO 2 and tightly capped. The 14CO2 produced was trapped in a removable centre well containing 0.2 ml of Hyamine hydroxide. After a 60 min incubation period, 0.5 ml of 5 N H2SO 4 were injected through the rubber cap of each flask and the CO 2 was allowed to diffuse into the hyamine for a further 60 rain. The centre wells were removed, placed in a toluene-base scintillation fluid (3 gm 2,5-diphenyloxazole and 0.1 gm p-bis (2-(5-phenyloxazolyl))-benzene per liter of toluene) and counted in a Nuclear Chicago Isocap Liquid Scintillation spectrometer (Searle Instruments, Toronto, Canada).
e. The Incorporation of Glucose into Total Lipids of Adipose Tissue.
The tissue preparation and the incubation conditions were as described above. At the end of 60 min incubation at 37 ~ the tissues were removed from the incubation flasks and homogenized in 1.5 ml of 2 : 1 chloroform-methanol. The total lipids were then extracted and counted as described below.
Lipid Extraction and Counting
Lipid extraction of the tissues was done by a modification of the method of Folch etal [cf 8] . Essentially, the tissues were homogenized in chloroform-methanol 2 : 1 (v/v). The homogenates were filtered to remove the solids. The extract was then partitioned into two phases by the addition of 0.2 vol of 0.29% NaC1. The tubes were shaken thoroughly and the phases were separated by centrifugation. The upper phase was removed and the chloroform phase was washed three times with 0.5 vol of methanol: H20: chloroform (48 : 47 : 3). The lipid extracts were placed in counting vials and the solvent was evaporated at 60 ~ under a stream of N 2. In the cases where the label was from 3H20, care was taken to remove any residual water by several cycles of evaporation with benzene. After the addition of scintillation fluid, the samples were counted in a liquid scintillation spectrometer. When 3H20 was used, the specific radioactivity of the body water was determined for each animal by counting 1 ml of a barium-zinc filtrate of the blood (1 : 20 dilution). In this case, both the lipid extract and the blood filtrate were counted using Bray's scintillation fluid [9] The tissues were extracted and weighed as described in the Methods section. The results given are means _+ SEM for at least 6 observations and the results were expressed as ~tmoles H20 incorporate per g fat free dry weight. When [14C]-glucose was the isotope, the lipid extracts were counted in the toluene scintillation fluid described above and the results are expressed as dpm per g fat free dry weight. In some cases, the-saponifiable fatty acids were separated [10] . After extraction, the samples were evaporated to dryness and counted after the addition of 10 ml Bray's scintillation mixture.
Isolation of Glycogen and Counting Procedure
Glycogen was isolated by placing the tissues in 0.5 ml of 30% KOH in a boiling water bath for 10 min. After digestion of the tissues, the tubes were cooled and 0.2 ml of 2% Na2SO 4 and 1.6 ml of absolute ethanol were added and the glycogen was allowed to precipitate at -20 ~ for one hour. The samples were then centrifuged at 1500 x g for five minutes and the precipitate was washed with 5 ml of 66% ethanol. The precipitates were dissolved in 0.5 ml of 4N HC1 and the glycogen was hydrolyzed in a boiling water bath for one hour. The samples were then neutralized with 2N NaOH and the volume was adjusted to 2.5 ml with distilled water. The samples were transferred to scintillation vials to which 7.5 ml Aquasol (New England Nuclear Corp. of Canada, Montreal) were added and the samples were counted. In cases where the glycogen content of the diaphragm was measured, a portion of the hydrolyzed glycogen was removed after neutralization and the glucose content of the solution was determined by a enzymatic method (Glueostat, Worflaington Biochemical Corp.).
Calculation of Results
Because of the large amount of lipid in the liver and adipose tissue from the obese mice and because of the changes in the tissue lipid content in the oxytetracycline treated mice, the results presented below were calculated on the basis of the fat free dry weight of the tissues. For comparison, the average wet weights of the tissues and the corresponding fat free dry weights are given in Table 1 . Values for the food-restricted controls were obtained from mice given 2.5 g of food per day, which is slightly less than the intake of the lean mice [5] and mice given 4.5 g of food per day which is equivalent to the average intake of the OTC -treated obese animals. Unless otherwise indicated the results presented below for food restricted controls were for mice given 2.5 g of food/day. Abbreviations: OTC: oxytetracycline IRI: immunoreactive insulin
Results
The effect of OTC treatment was first assessed by testing the effect of insulin on the incorporation of radioactive glucose into glycogen by the diaphragm muscle in vivo. The results of these experiments are given in Table 2 . In both groups of lean animals, there was a 3 fold stimulation by insulin of the incorporation of glucose into glycogen. Neither the diaphragms from the obese control or food-restricted animals responded to insulin but the diaphragms from the obese OTC-treated animals responded as well as those from the lean animals. Isolated hemidiaphragms were then incubated in the presence and in the absence of insulin to test their response in an isolated system. The results of these experiments are given in Table 3 . The experiments in vitro confirmed the findings in vivo that OTC-treatment was capable of rendering the diaphragm of the obese mice sensitive to insulin.
It should also be noted that:the diaphragms of the OTC-treated lean mice were significantly more responsive than those of the lean controls.
Incorporation of [14 C]-Glucose and 31-120 into Lipids in Vivo
Liver. The & vivo incorporation of labelled glucose and tritiated water into the lipids of the liver were measured in the control and OTC-treated lean animals as well as in the control, OTC-treated and foodrestricted obese animals ( Table 4 ). As would be expected with the experimental protocol used [11 ] , there was no stimulation by insulin of the incorporation of label into the lipids of the liver. The results presented indicate, however, that a) the incorporation of radioactive glucose was several fold greater in the liver of the obese control mice than in the liver of the lean controls; b) the incorporation of radioactive water was twice as great in the livers of the obese control animals than in the livers of the lean mice; and c) OTC-treatment and food restriction decreased the incorporation of both labels in the liver of the obese treated animals whereas OTC-treatment did not appreciably affect the incorporation in the lean animals.
Epididymal Fat Pads. The incorporation of radioactivity in the epididymat fat pad in vivo was measured in the absence and in the presence of insulin (Table 5 ). In both the control and OTC-treated lean animals, there was a significant (P < 0.01) effect of insulin on the incorporation of both radioactive glucose and tritiated water. It should also be noted that The experimental procedure was as described in the Method section. Each value represents the mean +_ SEM for the number of observations given in brackets. P" was based on t-statistics for paired samples and pb was based on ehi-square analysis The experimental procedure was as described in the Methods section. Each value represents the mean + SEM for 7-11 observations. The values were corrected for the differences in the specific radioactivity of the blood glucose. The average blood glucose levels for each group were lean control: 125 _+ 6; lean OTC-treated, 110 +-8; obese control, 275 _+ 25; obese OTC-treated, 132 + 16; obese food restricted, 280+_30 The experimental procedures and calculations were as described in the note to Table 4 . a denotes a statistically significant effect of insulin (P <0.01, based on t-statistics for unpaired samples) The experimental procedures were as described in the Methods section. Each value represents mean _+ SEM for 7 determinations. P values are based on t-statistics for paired samples. In addition all values obtained for the obese animal are significantly lower than the values obtained for the lean control animals (P <0.01) and OTCtreatment and food restriction of the obese animals significantly reduced incorporation relative to the obese controls (P <0.01) The experimental procedure was as described in the Methods section. Each value represents the mean _+ SEM for 7 determinations. P values are based on t-statistics for paired samples OTC-treatment diminished the incorporation of label in the lean animals. None of the obese groups showed a response to insulin, however, OTC-treatment greatly decreased the incorporation of label in the epididymal adipose tissue.
The in Vitro Metabolism of [14C-U]-Glucose by Epididyrnal Adipose Tissue
The incorporation of [~4C]-glucose into lipids was studied with isolated adipose tissue. The results obtained in vitro (Table 6 ) are in harmony with the observations made in vivo in the case of the lean animals. There was a significant stimulation (P < 0.001) of the incorporation of glucose by the addition of insulin to the incubation medium. In the in vitro system, there was significantly less incorporation of glucose into the tissues of the obese control. This has generally been observed when pieces of adipose tissue were used rather than adipocytes [12, 13] . The incorporation was even lower in the tissues from the obese-OTC-treated and food-restricted animals. There was no stimulation of the incorporation by insulin in the tissues of the obese controls and there was a significant but very small stimulation in the tissues of the OTCtreated obese. The response to insulin of the foodrestricted obese animal was of the same order as that of the lean animals, although the tissue incorporated less glucose per unit wet weight or, as expressed, per unit of fat free dry weight. The production of ~4CO 2 from glucose was also measured in the tissues obtained from the same groups of animals ( Table 2) . Insulin stimulated 14C02 production in all groups, although at different levels.
The basal 14C02 production was less in the obese than in the lean animals; further, OTC-treatment and food-restriction decreased the basal levels in both the (Table 7) to glucose carbon incorporated (Table 6) is consistent with the view that, in the obese mice, most of the glucose carbon utilized was incorporated into fatty acids.
Since the in vivo results obtained above indicated differences in the relative labelling of the liver and adipose tissue of the lean and obese mice, experiments were carried out to help assess the relative contribution of the liver to the deposition of triglycerides in adipose tissue. Control lean and obese mice were injected with 3H20 as described in the Materials and Methods section. Groups of untreated lean & obese mice were killed at various intervals ranging from 6 hours to 13 days after the beginning of the experiment. The livers and epididymal fat pads were removed and the lipids wereextracted and counted. The results of these experiments are given in Fig. 1 . Since the procursor utilized was 3H20 radioactivity was incorporated into the fatty acids via the reduced pyridine nucleotides [6] irrespective of the source of the acetyl units. Thus, there is no isotope dilution causedby different pool sizes of precursors.
Apart from the obvious difference in the magnitude of incorporation of label in the liver of the obese mice as compared with the lean mice, which was 6 fold at day 2, there was a striking difference in relative levels of incorporation between liver and adipose tissue in both groups. In the lean mice, the adipose tissue became labelled more rapidly than the liver and the total amount of radiocactivity incorporated at peak time was also greater in adipose tissue than in the liver. This relationship held whether the calculations were made on the basis of fat free dry weight, total weight of tissue (as calculated from Table  1 ) or total body adipose tissue estimated from [14] . In the obese mouse on the other hand, the maximum amount of radioactivity incorporated in the liver at the peak of incorporation was always equal to or greater than the amount incorporated into adipose tissue at its peak of incorporation. These results indicate that in the obese mice the liver might play a relatively greater role in total lipogenesis than it would in the lean mice and that it might furnish a greater proportion of the adipose tissue triglycerides in the obese than in the lean mice. Such long term experiments could not be carried out on the treated mice, since their metabolic state was changing [5] . Another type of experiment was therefore designed to provide further information on this point. Groups of lean and obese animals were submitted to the usual treatment. Some of each group were killed at day 1, 2, 3, 5, 7 and 10, and the adipose tissue and the liver were removed for analysis of the triglycerides. Twenty-four hours prior to sacrifice tritiated water was injected. The results of these experiments are given in Fig. 2 . The following observations were made: Although OTC-treatment did not noticeably influence the incorporation of radioactive water into the liver triglycerides of the lean mice, it markedly reduced its incorporation into adipose tissue. On the other hand OTC-treatment markedly reduced the incorporation of radioactivity in the liver triglycerides of the obese mice and this reduction was very closely paralleled in the adipose tissue. The results shown in Fig. 2 also indicated that under these conditions the bulk of the incorporation of'H20 was in the fatty acid fraction. OTC-treatment did not cause permanent changes in the lipid metabolism of the obese mouse. Within 6 days after discontinuation of the treatment, the liver was already returning to pretreatment weight and the amount of 3H20 incorporated into the lipid fraction of the liver was nearly the same as in non-treated animals ( Table 8) .
D~cus~on
In attempts to delineate the role played by B-cell hyperplasia and hyperinsulinemia in the development of the obese hyperglycemic syndrome in mice, the B-cell dytotoxic agents alloxan and streptozotocin have previously been utilized [15] [16] [17] [18] . Single injections of these agents produce long term toxic effects on the pancreatic B-cell [19] thus decreasing the release and the availability of pancreatic IRI [14, 16] leading to lower concentrations of IRI in the blood. In long term experiments with both streptozotocin and alloxan there was a decrease in the blood sugar levels in the ob/ob mouse [17, 18] , whereas in experiments of shorter duration the blood sugar was increased as a result of treatment [14, 16] . In short term experiments, streptozotocin was shown to decrease markedly the incorporation of [14C]-glucose into fatty acids in all tissues of lean and ob/ob mice [19] . In long term experiments, however, streptozotocin and alloxan were shown to have little effect on the adiposity of the ob/ob mouse [16, 17] . Streptozotocin treatment had little effect on the basal glucose metabolism in adipose tissue and its sensitivity to insulin as measured in in vitro experiments [18] . Whereas alloxan treatment was shown to increase the insulin sensitivity of the diaphragm muscle of the ob/ob mouse [16] streptozotocin treatment did not have such effects [18] .
The present study differs from those mentioned above in many respects. Oxytetracycline was chosen as a potential agent to alter the metabolism of insulin in the obese mice because of its previously reported insulin potentiating effects [20, 21] . OTC did not have long lasting effects: in order to alter the metabolism of the obese mouse, chronic treatment with the drug was necessary [5] and within a few days after discontinuing OTC treatment, there were indications that the effects of the drug were no longer present (Table 8) .
It was shown previously [5] that OTC-treatment produced the following sequence of events following the onset of treatment; 1) a decrease in the levels of serum IRI levels to within the range seen in lean animals (5 days); 2) an increase in the binding of insulin by the liver membranes (5 days) and 3) a normalization of the blood glucose levels (7 days). In the present study, it was also shown that the incorporation of radioactive precursors into liver triglycerides and the time course observed for this parameter was very similar to that observed for the effect of OTC on serum IRI levels and insulin binding to the liver membranes, and occurred before the blood sugar returned to normal levels. This may be a further indication that hyperinsulinaemia, but not hyperglycaemia, is a causative factor in the excessive lipogenesis seen in the obese animals [14] .
OTC treatment also restored the sensitivity to insulin of the diaphragm muscle of the ob/ob mouse both in vivo and in vitro. In this respect, OTC had effects similar to those reported for alloxan [ 16] , and it is possible that the greater sensitivity of muscle to insulin would account at least partially for the normalization of glucose tolerance seen in both OTCtreated and alloxan-treated obese mice.
OTC treatment did not render the adipose tissue of obese mice more sensitive to insulin. The most notable effect of OTC-treatment on the adipose tissue of the obese mouse was a large decrease in the incorporation of radiocactive precursors, observed both in vivo and in vitro, relative to the values found in the control obese mouse. This decrease was even greater than that observed for the food-restricted controls, although the food intake of the latter was far tess than that of the OTC-treated obese mice.
It appears that the time course of incorporation of 3H20 was different in the obese and the lean mice. The relative differences observed between liver and adipose tissue may indicate that the liver contributes a greater proportion of the adipose tissue fatty acids in the obese than in the lean mice. This is strengthened by the finding that OTC treatment decreased fatty acid incorporation into both the liver and the adipose tissue of the obese mice while, in the lean animals, only the adipose tissue was affected. The use of 3H20 to label lipids in vivo does not allow definite conclusions as to the exact site of synthesis of the fatty acids which are eventually incorporated into triglycerides. However, the results described above are in harmony with the observation that secretion of newly synthesized triglycerides was abnormally high in the liver of the ob/ob mice and that streptozotocin treatment Corrected this anomaly [22] . They are also in harmony with the results of in vivo experiments on the incorporation of [a4C]-glucose in these animals [14] .
Because OTC treatment somewhat decreased the food intake of the obese animals, OTC treatments were always done in parallel with a food restricted obese group. In the majority of the experiments the food restricted obese animals were given slightly less food than the lean controls. It is therefore not surprising that the metabolism of triglycerides was also decreased in these animals. Some experiments (cf Table  1 ) were carried out with groups of animals receiving 4.5 g of food per day which was the average intake for the OTC-treated obese. From comparison with the latter group, it is evident that OTC treatment had effects greater than could be accounted for simply by diminished food intake. It should be noted also that, unlike OTC treatment, even the more severe food restriction (2.5 g/day) did not lead to improved sensitivity of the diaphragm muscle to insulin.
Oxytetracycline does not seem to act as a B-cell cytotoxic agent, sinde the lean mice did not become diabetic. However, a close analog of OTC, chlortetracycline, has been shown to be concentrated in pancreatic islets and to be capable of forming complexes of definite stoichiometry with insulin in the presence of Zn ions in vitro [23] . It is possible, therefore, that oxytetracycline exerted its effects on the metabolism of the obese mouse by complexing with insulin in vivo. Investigations on the histology of the islet cells and on the kinetics of release of insulin from the pancreas of OTC-treated mice are now in progress.
